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The growth behavior of austenite grains in GCr15 steel was investigated through the isothermal annealing
tests of the steel under different heating temperatures and holding times. The tests were performed on a
Gleeble-3800 thermo-mechanical simulation machine. Austenitizing temperatures 1223, 1323, 1373, and
1423 K were chosen, and holding time varied from 0 to 480 s. Experimental results suggest that austenite
grains grow gradually with the increase of heating temperature, and holding time has an important effect
on the growth of austenite grains. The time exponent for the growth is bigger at higher temperature, and
the growth rate decreases with increasing time. On the basis of previous models and experimental results, a
mathematical model that can describe the growth behavior of austenite grains in the tested steel under
different heating temperatures and holding times was obtained using regression analysis. The predicted
grain sizes by the model are in good agreement with measured ones.
Keywords annealing, austenite grain, GCr15 steel, growth
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1. Introduction
Austenite grain growth is an important factor to determine
the microstructure because grain size inﬂuences the kinetics of
phase transformation during the cooling cycle (Ref 1, 2). It is
well known that the microstructure has a large effect on the
mechanical properties of product, so it is important to control
grain growth in metals and alloys. Some investigations on the
grain growth kinetics for low carbon steel and microalloyed
steel have already been reported (Ref 2-4), but few efforts have
been expended to understand the grain growth behavior in
bearing steel. The objective of this paper is to study the effect of
heating temperature and holding time on the growth behavior of
austenite grains in GCr15 bearing steel, and obtain a mathe-
matical model which can describe the behavior. The work
provides a sound basis for numerical simulation of microstruc-
ture evolution during the hot working process of the steel and is
useful to optimize the process.
2. Experimental Procedure
GCr15 steel employed in the present investigation is
provided in the form of bar with the diameter of 15 mm by
Dongbei Special Steel Group, China. The chemical composition
(wt.%) of the steel is 0.99C, 0.24Si, 0.31Mn, 0.010P, 0.003S,
1.44Cr, 0.05Ni, 0.12Cu, 0.02Mo, and the balance is Fe. The
initial microstructure of the material is lamellar pearlite. Before
the experiment, cylindrical samples, with the diameter of 8 mm
and the length of 12 mm, were machined out of the hot-rolled
bars with their cylinder axes parallel to the axial line direction
of the bar. In order to investigate the growth kinetics of
austenite grains in the tested steel, the isothermal annealing
tests were performed on a Gleeble-3800 thermo-mechanical
simulation machine. The samples were heated to the austen-
itizing temperature (1223, 1323, 1373, and 1423 K) at the rate
of 5 K/s, and held at the temperature for various times (0, 40,
120, 300, and 480 s) before being quenched in water. After the
annealing tests, the quenched samples were polished by
conventional metallographic techniques and etched in picric
acid at 323-333 K to reveal austenite grain boundaries.
Austenite grain sizes were determined by the mean linear
intercept method.
3. Results and Discussion
3.1 Microstructural Characteristics
Figure 1 shows the typical micrographs of austenite grain
boundaries under different heating temperatures and holding
times. It can be seen from Fig. 1(a) and (b) that the austenite
grains grow gradually when heating temperature increases from
1323 to 1423 K, and the foremost difference between them is
that there are less small grains in Fig. 1(b). The decrease of
small grains reveals that bigger austenite grains can merge
smaller ones and grow gradually with the increase of heating
temperature. Figure 1(c) and (d) displays the austenite grain
boundaries after holding 120 and 480 s at 1423 K. The
comparison indicates that the growth of austenite grains is
remarkable at the tested temperature with the increase of
holding time.
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3.2 Austenite Grain Growth Kinetics of GCr15 Steel
Austenite grain growth during the hot working process of
metals is an important factor to determine the ﬁnal micro-
structure and mechanical properties of product. In order to
understand the growth behavior under different conditions, it
is necessary to investigate the effect of heating temperature
and holding time on the growth kinetics of austenite grains.
Figure 2 illustrates the grain sizes as a function of holding
time when heating temperatures vary from 1223 to 1423 K.
The micrographs of austenite grain boundaries after holding 0-
300 s at 1223 K are too unclear to get the average size of
these grains, so only three curves are showed in Fig. 2. The
curves reveal that the growth behavior of austenite grains at
different temperatures is similar. First, in general, the austenite
grain size increases and the growth rate decreases with
increasing time. Second, for all temperatures, the decrease in
the growth rate is initially rapid and then becomes slow over
long times. Moreover, it is evident that both the grain sizes
and the growth rate are bigger at higher temperatures. The
observations are similar to other materials which have been
reported (Ref 5-9) under the condition of normal grain
growth. As the grains grow in size and the numbers decrease,
the grain boundary area diminishes and the total surface
energy lowers accordingly. It is generally recognized that the
decrease of surface energy as a result of grain growth is the
driving force for grain growth. The driving force decreases
with the migration of grain boundaries. This is the reason why
the grain growth rate decreases with the increase of holding
time at each heating temperature. In addition, the migration of
grain boundary under the inﬂuence of a driving force is a
result of atomic displacements from one grain to another
across their grain boundary, and can be likened to a diffusion
process. So, grain grows at a faster speed with the increase of
heating temperature. In some cases, there exists a drag force
inhibiting the migration of grain boundary except for the
driving force. The drag force can arise due to the pinning
effect of second phase particles. So, the presence of second
phase particles can reduce the grain growth rate (Ref 2, 10).
Some studies (Ref 2) have revealed that the pinning effect
decreases with increasing temperature owing to the increase of
particles size. To a certain extent, the decrease can promote
the growth of austenite grains.
Fig. 1 Micrographs of austenite grain boundaries under different annealing conditions: (a) 1323 K, 0 s; (b) 1423 K, 0 s; (c) 1423 K, 120 s;
(d) 1423 K, 480 s
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Normal grain growth in metals and alloys has frequently
been represented by the following empirical equation
(Ref 10-12):
D ¼ ktm ðEq 1Þ
where D is the average grain size at time t, t is holding time,
and m (the time exponent) and k are temperature-dependent
parameters.
Equation 1 can reasonably describe the grain growth
behavior when D is much greater than the initial grain size
D0. However, grain growth might have started before reaching
the isothermal temperature during the annealing tests. So, the
inﬂuence of the initial grain size on the growth behavior of
grains should be considered, and a general grain growth
equation (Ref 13) was developed to substitute Eq 1, which is
described as follows:
D D0 ¼ ktm ðEq 2Þ
Taking the logarithm of both sides of Eq 2, the following
equation can be obtained:
ln D D0ð Þ ¼ ln k þ m ln t ðEq 3Þ
According to the relationship between ln(DD0) and ln t
as shown in Fig. 3, the time exponent m can be determined.
The values of m are 0.37, 0.48, and 0.69 at 1323, 1373, and
1423 K, respectively. It is obvious that the time exponent
becomes bigger with increasing temperature.
In some papers (Ref 14), Eq 1 was rewritten as:
Dn ¼ Kt ðEq 4Þ
where n (the grain growth exponent) and K are temperature-
dependent parameters. The elementary theories of grain
growth (Ref 12), which are either based on the proportional-
ity of the growth rate to the interfacial free energy per unit
volume or based on the inverse proportionality of the rate of
boundary migration to the boundary curvature, predict a value
2 for n. However, experimental data (Ref 10, 12, 14) have
indicated that in most cases, the value of n is larger than 2,
and covers a range from 2 to 5 corresponding to various
metallic systems and temperature ranges. For a given metal,
it generally decreases with increasing temperature (Ref 12).
It is a fact that the grain growth exponent n depends on the
grain growth mechanism (Ref 13). In a pure system the expo-
nent is 2, meaning that the system has no defects or precipi-
tates, and the grain growth is controlled by the grain
boundary curvature mechanism. For the value of 3, several
phenomena like precipitate phases in the grain are produced.
Finally, if the exponent is 4, it means that there is an effect
of the precipitate phases in the grain boundary.
The same as Eq 1, Eq 4 assumes that the initial grain size
D0 is very small as compared with D. When D0 is comparable
with D, a general grain growth equation has been developed to
substitute Eq 4, which is described as follows (Ref 10, 12, 15):
Dn  Dn0 ¼ Kt ðEq 5Þ
The relationship between K and heating temperature, T,
corresponds to the following Arrhenius formula:
K ¼ K0 exp Q=RTð Þ ðEq 6Þ
where Q is the activation energy for grain growth, K0 is the
pre-exponential term, R is the general gas constant, and T is
the absolute temperature.
Fig. 2 Austenite grain sizes under different heating temperatures
and holding times
Fig. 3 The relationships between ln(DD0) and ln t at different
temperatures
Fig. 4 Comparison of predicted grain sizes by Eq 8 and measured
ones
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Equations 5 and 6 can be combined to construct a new
equation:
Dn  Dn0 ¼ K0 exp Q=RTð Þt ðEq 7Þ
where the effect of heating temperature and holding time on
austenite grain size is considered synthetically. Some
researchers (Ref 9, 10, 14, 15) have obtained the values of n,
K0, and Q for other metals and alloys using different meth-
ods. Results testify that the grain growth equation (Eq 7) can
describe the growth behavior of grains under different tem-
peratures and times accurately. In this paper, application soft-
ware 1stopt was used to perform nonlinear regression
analysis of the constants n, K0, and Q in Eq 7 on the basis of
measured grain sizes. As a result, the optimal values of n, K0,
and Q were obtained. Then, the grain growth model for the
tested steel can be expressed as follows:
D2:77  D2:770 ¼ 3:12 1019 exp 4:58 105=RT
 
t ðEq 8Þ
Figure 4 shows a comparison of the grain sizes predicted by
Eq 8 and experimental measurements. It is seen that predicted
grain sizes are in good agreement with measured ones. The
grain growth exponent n is situated between 2 and 3, indicating
that second phase particles in the grain provide a drag force to
inhibit the growth of austenite grains.
4. Conclusion
The growth behavior of austenite grains in GCr15 steel was
investigated by the isothermal annealing tests on a Gleeble-
3800 thermo-mechanical simulation machine. According to the
experimental results, the effect of heating temperature and
holding time on the growth behavior was discussed in details,
and the following conclusions can be drawn:
(1) The austenite grains of the tested steel grow with the
increase of heating temperature and holding time. The
growth rate decreases with increasing time and the time
exponent for austenite grain growth is bigger at higher
temperature.
(2) A model for predicting austenite grain growth under
different heating temperatures and holding times is
obtained, and predicted results agree well with measured
ones.
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